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Polycyclic aromatic hydrocarbons (PAHs) are a
class of multiphasic organic compounds, com-
posed of fused aromatic rings (Agency for
Toxic Substances and Disease Registry 1995;
Bostrom et al. 2002; Finlayson-Pitts and Pitts
1997). They are released into air during incom-
plete combustion and/or pyrolysis of fossil fuel,
industrial or domestic coal, wood, cigarettes,
and food items (Bostrom et al. 2002). Growing
evidence supports developmental toxicity from
prenatal or early postnatal exposure to PAHs
(Dejmek et al. 2000; Perera et al. 1998, 2003),
in addition to elevated cancer risk (Belpomme
et al. 2007) and disruption of the endocrine
system (Archibong et al. 2002; Davis et al.
1993). Exposure during the prenatal and early
postnatal stages is of particular concern because
of the unique susceptibility of the fetus and
infant (Huel et al. 1993; National Research
Council 1993; Perera et al. 1998, 2004). The
prenatal period represents a developmental
stage of unique susceptibility, during which
exposures can critically affect immune, meta-
bolic, and neurologic functions throughout the
life span (Kim 2004; Pinkerton and Joad 2006;
Schwartz 2004). This unique vulnerability to
xenobiotics may be attributed to the immatu-
rity of developing immune systems, the rapid
development of fetal organs, and the fact that
exposure per body weight is much greater than
that for adults (Pinkerton and Joad 2006;
Schwartz 2004).
Transplacental exposure to PAHs released
from cigarette smoke induced a large increase
in xenobiotic metabolism by the placental tis-
sues, increased PAH–DNA adduct levels, and
subsequently reduced neonatal weight in a
cohort of mother–newborn pairs (Sanyal et al.
1994). More recent research also supports fetal
growth reduction associated with transplacen-
tal PAH exposure in humans (Dejmek et al.
2000; Perera et al. 1998, 2003). In a rat
model, transplacental exposure to airborne
benzo[a]pyrene (BaP) has been shown to
induce fetal loss and reduce plasma hormones
progesterone, estrogen, and prolactin in a
dose-responsive manner (Archibong et al.
2002). Exposure to BaP and 7,12-dimethyl-
benz[a]anthracene (DMBA) during organo-
genesis leads to signiﬁcant reduction in birth
weight (BW), crown–rump length, and pla-
cental proficiency as measured by protein
weight and diameter (Sanyal and Li 2007).
Fetal cranium and neural tissues appear to be
particularly sensitive to BaP and DMBA expo-
sure (Sanyal and Li 2007). For example,
transplacental exposure to BaP significantly
depressed levels of N-methyl D-aspartate recep-
tor subunit 1 within the hippocampus and,
after birth, impaired long-term potentiation, a
marker of long-term memory and learning
(Wormley et al. 2004).
In humans, the risk associated with urban
ambient PAH exposure and, more generally,
air pollution for intrauterine growth restric-
tion (IUGR) and preterm delivery has
remained unclear (S ˇrám et al. 2005).
Epidemiologic studies using area-level air pol-
lutant exposure monitoring data and individ-
ual-level birth outcome measurements have
suggested that total suspended particulates,
particulate matter, PAHs, and their biologi-
cally active derivatives and proxy measures
such as distance-weighted traffic density
reduce BW and increase the risk of preterm
birth and IUGR (Chen et al. 2002; Dejmek
et al. 2000; Gouveia et al. 2004; Ha et al.
2001; Huynh et al. 2006; Lee BE et al. 2003;
Leem et al. 2006; Liu et al. 2003; Perera et al.
1998, 2003; Sagiv et al. 2005; Wang et al.
1997; Wilhelm and Ritz 2003; Yang et al.
2003). Many of these studies have suffered
from spatial and temporal exposure misclassi-
fication stemming from reliance on routine
ambient air monitoring data to approximate
personal exposure, multiple testing of mutu-
ally correlated air pollutants, and retrospective
or cross-sectional exposure assessment that
have prevented the investigators from disen-
tangling the effects of individual pollutants
(S ˇrám et al. 2005). In addition, only one
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BACKGROUND: Polycyclic aromatic hydrocarbons (PAHs) are ubiquitous air pollutants generated by
combustion of organic material, including fossil fuel. 
OBJECTIVES: It has been an open question whether prenatal exposure to air pollution in general and
PAHs in particular signiﬁcantly increases the risk of intrauterine growth restriction, including small
size for gestational age (SGA), and preterm delivery. Here, we have examined this hypothesis in a
cohort of mothers and newborns in New York City. 
METHODS: Subjects were young, nonsmoking, healthy African-American (n = 224) and Dominican
(n = 392) mother–newborn pairs residing in New York City whose prenatal PAH exposures were
estimated by personal air monitoring. Questionnaire and medical record data were obtained. 
RESULTS: A 1 natural-log (ln)-unit increase in prenatal PAH exposure was associated with a 2-fold
increase in risk of symmetric intrauterine growth restriction (i.e., SGA and fetal growth ratio
< 85%) among full-term African Americans (p < 0.05). Preterm delivery risk was 5-fold greater
among African Americans per ln-unit increase in prenatal PAH exposure. The same unit increase in
exposure signiﬁcantly increased the ratio of head circumference to birth weight by 0.04% in African
Americans. These effects were not observed in Dominicans. 
CONCLUSION: Prenatal PAH exposure is likely to contribute to the occurrence of SGA as well as
preterm births among African Americans. The lack of an association in Dominicans might reﬂect
modiﬁcation of the risk by healthful cultural practices among recent Dominican immigrants. Given
that PAHs are globally generated and distributed pollutants, our observations have potential impli-
cations for environmental health and energy policies.
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examined the association between airborne
PAHs and IUGR (defined as BW below the
10th percentile), calling for replication.
We have previously demonstrated a
signiﬁcant association between prenatal PAH
exposure and reduced BW and birth head cir-
cumference (BHC) in U.S. African Americans
(Perera et al. 2003) and in Krakow Caucasians
(Choi et al. 2006). It remains unclear from
our analysis whether the reduced BW, includ-
ing BW within the range appropriate for ges-
tational age (AGA), reﬂects chronic, subacute,
or acute IUGR or shortened gestation.
Furthermore, BW has several well-known lim-
itations as a constitutive fetal growth marker
(Wilcox 2001).
IUGR is a broad deﬁnition that reﬂects fail-
ure of the fetus to reach its full growth potential
(Lee PA et al. 2003; Smith et al. 1997).
Although the term “intrauterine growth restric-
tion” is often erroneously equated with small
size for gestational age (SGA), IUGR diagnosis
considers clinical and ultrasonography-based
presentation of suboptimal growth, in addition
to the fetal growth ratio below the 10th per-
centile (Smith et al. 1997). SGA is a popula-
tion-based deﬁnition, which considers fetus as a
case if the BW is less than the 10th percentile
(Alexander et al. 1996) or 5th or 3rd percentile
(Lee PA et al. 2003) for a given ethnic group,
gestational age, and sex, or at least two standard
deviations lower than the mean weight (Lee PA
et al. 2003). SGA has been validated as predic-
tor of neonatal morbidity and mortality and
subsequent developmental delays (Lee PA et al.
2003; Thomas et al. 2000), including delayed
neurodevelopment (Sizonenko et al. 2006; van
Wassenaer 2005) and cardiovascular diseases,
insulin resistance, and diabetes during adult-
hood (Barker 2002; Xu et al. 2006).
One of the disadvantages of SGA-based
IUGR case detection is that newborns who ﬁt
the deﬁnition of SGA may not necessarily be
growth restricted (if the constitutive growth
potential has been reached), whereas acutely
growth-restricted infants may have BW within
the range of AGA (Lee PA et al. 2003). An
alternative definition, fetal growth ratio
(BW/mean BW for a given ethnic group, gesta-
tional age, and sex < 85%) (Frisbie et al. 1997),
is also widely used in clinical diagnosis, man-
agement, and epidemiologic investigations of
the underlying etiologies (Lee PA et al. 2003;
Smith et al. 1997; Thomas et al. 2000). Several
investigations have demonstrated that the ratio
correlates with clinical and cytologic evidence of
IUGR (Kramer et al. 1989, 1990a; Smith et al.
1997). A ratio < 85% has been associated with
greater risk of stillbirth, hypoglycemia, hypocal-
cemia, various asphyxic symptoms, and neona-
tal death (Kramer et al. 1990b). Finally, recent
reports suggest that infants born large for gesta-
tional age (LGA) are at greater risk for medical
problems associated with metabolic syndromes,
ranging from glucose intolerance and high
blood pressure to dyslipidemia, type II diabetes,
hypertension, and coronary heart disease in
later life (Boney et al. 2005).
The phenomenon of IUGR can be further
differentiated into symmetric and asymmetric
subtypes based on recent observations that the
severity of long-term morbidities differ accord-
ing to body proportionality (Gluckman and
Pinal 2003; Villar et al. 1990). Among SGA
newborns, those with low ponderal index (i.e.,
“thin” at given height) are at significantly
greater risk of perinatal asphyxia and extended
hospitalization, compared with those with
“appropriate” ponderal index (Villar et al.
1990). Cephalization index has been proposed
as a screening tool for neurodevelopment
IUGR subtype (Harel et al. 1985). Children
10 years of age who were born with larger
head size relative to body weight (i.e., “brain
spared”) scored significantly lower in neuro-
developmental tests, IQ, and school perfor-
mances (Leitner et al. 2007). Both ponderal
index and cephalization index have been sig-
nificantly correlated with severe IUGR and
with poor neurodevelopmental outcomes
(Bassan et al. 2005; Leitner et al. 2007) as well
as with subsequent morbidity and mortality
(Harel et al. 1985; Kramer et al. 1989, 1990a,
1990b; Leitner et al. 2007; Villar et al. 1990).
Of particular interest to the present analy-
sis is a recent observation that the gestational
age at IUGR onset appears to influence the
type of IUGR (Hemachandra and Klebanoff
2006). IUGR cases whose period of onset was
the third trimester have the lowest BW and
ponderal index, and the IUGR cases whose
onset were the ﬁrst trimester have the highest
BW and ponderal index (Hemachandra and
Klebanoff 2006).
The primary goal of the present analysis is
to examine the association between third-
trimester exposure airborne to PAHs and
IUGR. Considering that our previous analyses
showed that prenatal PAH exposure was asso-
ciated with reduced BW and BHC in New
York City (Perera et al. 2003) and Krakow,
Poland (Choi et al. 2006), we postulated that
the PAH exposure is associated with two differ-
ent markers of IUGR (SGA and fetal growth
ratio < 85%, respectively). Furthermore, con-
sidering the gestational period of PAH moni-
toring, we tested a subhypothesis that high
PAH exposure further contributes to the risk
of severe IUGR (in terms of low ponderal
index and/or high cephalization index). Lastly,
we examined whether the same exposure also
increases the risk of preterm delivery.
Materials and Methods
Study subjects. A complete description of the
cohort and study design appears elsewhere
(Perera et al. 2003; Rauh et al. 2004; Tonne
et al. 2004). Briefly, African-American and
Dominican women who reside in Washington
Heights, Harlem, or the South Bronx in New
York City were recruited through the local
prenatal care clinics into a prospective cohort
study (Perera et al. 2003). To reduce the
potential for confounding, the target popula-
tion was restricted to those with the following
characteristics: age range of 18–35 years, non-
cigarette smokers, nonusers of other tobacco
products or illicit drugs; free of diabetes,
hypertension, or known HIV; and initiated
prenatal care by the 20th week of pregnancy.
The institutional review board of the New
York Presbyterian Medical Center approved
the study, and informed consent was obtained
from all study participants.
During the last trimester of pregnancy, a
45-min questionnaire on health, lifestyle, and
exposure history was administered in the
women’s homes. On completion of the pre-
natal interview, the women were asked to
wear small backpacks containing personal air
monitors that operated for a consecutive 48-hr
period (Perera et al. 2003). The personal air
sampling pump operated continuously at
4 L/min to simulate normal lung capacity.
The particulate and semivolatile vapor and
aerosol PAHs were collected on a precleaned
quartz microfiber filter and polyurethane
foam plug backup. The samples were analyzed
for pyrene and eight carcinogenic PAHs:
benz[a]anthracene, chrysene/isochrysene,
benzo[b]ﬂuoranthene, benzo[k]ﬂuoranthene,
BaP, indeno[1,2,3-c,d]pyrene, dibenz[a,h]-
anthracene, and benzo[g,h,i]perylene. Of the
847 fully enrolled mother–newborn pairs, the
sample was restricted to those participants
with valid personal air monitoring data and a
singleton birth, resulting in a sample size of
624. To reduce the potential for confounding
by active maternal smoking in pregnancy, we
eliminated from our analysis mothers or new-
borns whose plasma cotinine level was
> 25 ng/mL (n = 8). Eight cases with implau-
sible BW, length, or BHC for the reported
gestational age (three times higher than the
interquartile range) were treated as missing
values. The present analysis included
224 African-American and 392 Dominican
mother–newborn pairs (616 total). Because
air monitoring did not occur until the third
trimester, earlier preterm deliveries were not
included. Birth outcome information was col-
lected from mothers’ and infants’ medical
records. The attending clinicians estimated
the gestational age with the last menstrual
period (LMP) or sonogram whenever the
sonogram data were available. We collected
the LMP date and sonogram-based expected
date of delivery (both available for 70% of the
sample) in our questionnaire, and validated
the medical-record–based gestational age.
Because identification of SGA depends on
SGA and preterm delivery and prenatal PAH exposure
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viously demonstrated that the reported gesta-
tional age is reliable (Choi et al. 2006).
Supporting the validity of the gestational age
used in the present analysis, the mean differ-
ence in medical-record–reported versus our
derived gestational age was 0.31 ± 1 week for
LMP-based, 0.34 ± 2 for sonogram-based,
and 0.62 ± 2 week for both LMP- plus sono-
gram-based gestational estimation methods.
Outcomes. We identified cases of IUGR
based on several definitions, recognizing the
strengths and limitations of each approach. We
ﬁrst deﬁned cases of SGA as BW ≤ 10th per-
centile at a given gestational age, within a plau-
sible gestational age range, based on sex-speciﬁc
U.S. singleton BW reference data (Alexander
et al. 1999). This population-based deﬁnition
of SGA represents the most widely used
approach (Royal College of Obstetrician and
Gynaecologists 2002). Newborns with BW at a
given gestational age > 10th percentile and
< 90th percentile were considered AGA, and
those ≥ 90th percentile were classiﬁed as LGA,
also based on the 1994–1996 U.S. singleton
BW reference data (Alexander et al. 1999). In
addition, we defined cases of SGA based on
ethnicity- and sex-specific reference data
(Alexander et al. 1999) because constitutive
growth potential may vary across ethnic groups
(Alexander et al. 1999; Frisbie et al. 1997).
Because the SGA definition might have
misclassiﬁed constitutively small newborns as
SGA, or acute IUGR newborns as AGA, we
also calculated fetal growth ratio as the
observed BW/mean BW at a given gestational
age for each sex and ethnic group based on the
1994–1996 U.S. BW distribution (Frisbie
et al. 1997). The ratio indicates the percentage
underweight relative to the mean. Reduction
in fetal growth ratio associated with PAH
exposure was modeled using both dichoto-
mous (< 85%) and continuous outcomes.
To examine the risk of disproportional
IUGR, we used linear regression and multi-
variate logistic regression to test whether pre-
natal PAH exposure was associated with
ponderal index (Villar et al. 1990) and cephal-
ization index (Bassan et al. 2005; Leitner et al.
2007). Ponderal index [BW/(length)3 × 100],
an indicator for thinness of the newborn, was
calculated overall and for full-term births only.
The cephalization index was calculated as the
ratio of the BHC/BW × 10,000 (Bassan et al.
2005; Leitner et al. 2007).
Exposure variable. The eight carcinogenic
PAHs are significantly mutually correlated
(Pearson’s correlation = 0.211–0.911; all
p-values < 0.001). Because the relative feto-
toxic potencies of the eight PAHs are
unknown, we used the summed total of the
eight carcinogenic PAHs (Σ8 c-PAHs) as the
main exposure variable, as in prior studies
(Choi et al. 2006; Perera et al. 2003). The
distributions of the summed PAHs as well as
the eight individual ones deviated from nor-
mality (Kolmogorov–Smirnov test p-values
< 0.001). The natural-log (ln)–transformed
summed total c-PAHs conformed to the
normal distribution.
Potential confounders. We restricted our
analysis to those newborns whose cord serum
cotinine concentration was ≤ 25 ng/mL, to
eliminate active maternal smokers from the
sample. Independent risk factors and con-
founders identified from the literature were
included in our initial models, including cur-
rent marital status, maternal foreign birth, sex
of the newborn, dietary PAH intake fre-
quency, season of delivery (indicator variables,
fall, winter, and spring), maternal education
level, maternal prepregnancy body mass index
(BMI), number of months of cigarette expo-
sure in the home during pregnancy, maternal
weight gain, and medical complications,
including abruption of placenta and placenta
previa. Maternal prepregnancy BMI was cate-
gorized as underweight (< 20), appropriate
(20–24.9), overweight (25–29.9), or obese
(≥ 30) (Cedergren 2007). To examine
whether the lifestyle factors contribute to per-
sonal PAH exposure, mean personal exposure
concentration of Σ8 c-PAHs was compared
among the women according to the number
of smokers at home, total months or daily
number of hours of environmental tobacco
smoke (ETS) exposure, and frequency of
ingesting grilled, smoked, or barbecued food
items. Variables were retained in the model
when they resulted in > 10% change in the
effect size of PAHs. To examine the robust-
ness of our results, we assessed through regres-
sion diagnostics the possibility that inﬂuential
values affected the estimated risk. We also
examined whether the exclusion of cases
because of missing information on con-
founders had a large effect on the estimated
risks. We compared the included cases of
SGA, fetal growth ratio < 85%, and preterm
births with the excluded subjects in terms of
BW, birth length, BHC, maternal weight
gain, prepregnancy BMI, and total PAH
exposure. There were no significant differ-
ences between the included and the excluded
subjects in these variables in both ethnic
groups. The prepregnancy BMI was signifi-
cantly lower among the New York City
Dominicans included in present analysis ver-
sus excluded subjects. We compared the risk
between included and excluded using
prepregnancy weight and height instead of
BMI. The risk of prenatal PAH exposure was
not signiﬁcantly different in the groups, and
remained unchanged when prepregnancy
weight and maternal height were used. High
dietary intake of PAHs during the current
Choi et al.
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Figure 1. Monthly mean personal exposure to BaP and Σ8 c-PAHs (ng/m3). 
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Table 1. Σ8 c-PAHs analyzed in prenatal air samples (ng/m3). 
25th 75th 
PAH No. Mean ± SD Minimum percentile Median percentile Maximum
Benz[a]anthracene 612 0.259 ± 0.231 0.031 0.146 0.207 0.292 3.439
BaP 612 0.368 ± 0.464 0.021 0.147 0.248 0.446 6.203
Benzo[b]ﬂuoranthene 604 0.543 ± 0.594 0.029 0.247 0.398 0.647 9.451
Benzo[g,h,i]perylene 613 0.985 ± 1.391 0.024 0.398 0.646 1.038 14.717
Benzo[k]ﬂuoranthene 604 0.129 ± 0.125 0.014 0.046 0.097 0.164 1.594
Chrysene/isochrysene 612 0.335 ± 0.475 0.029 0.178 0.251 0.384 10.502
Dibenz[a,h]anthracene 612 0.054 ± 0.057 0.012 0.042 0.045 0.049 1.225
Indeno[1,2,3-c,d]pyrene 612 0.542 ± 0.656 0.024 0.222 0.374 0.600 7.409
Σ8 c-PAHs 604 3.212 ± 3.400 0.271 1.545 2.299 3.662 36.466pregnancy was defined as having eaten
smoked, grilled, or barbecued meat or ﬁsh at
least twice a week (Choi et al. 2006).
Model selection strategy. To assess rela-
tionships between prenatal PAH exposure
and symmetric intrauterine growth restriction
(IUGR), we developed separate logistic
regression models for each ethnic group
because previous results from this cohort
showed signiﬁcantly different PAH effects on
the probability of reduced fetal growth in the
two different ethnic groups (Perera et al.
2003). In the present logistic regression analy-
sis, the initial model that included all poten-
tial confounders was reduced through
hierarchical backward model selection strat-
egy (Kleinbaum and Klein 2002). In particu-
lar, the –2 log likelihood value under the chi
square distributions with α = 0.05 was com-
pared for two models with and without the
variable being considered for elimination.
Adequacy of the model was determined using
Nagelkerke’s coefficient of pseudo-R2, inter-
preted as the variation in outcome explained
by the model. Maternal prepregnancy BMI
and season of birth were retained in the mod-
els based on clinical relevance, regardless of
the –2 log likelihood ratio results (Choi et al.
2006). Goodness of ﬁt of the ﬁnal model was
examined through Hosmer–Lemeshow’s test.
For the continuous outcome variables, similar
criteria of modeling selection were used as in
our previous analysis (Choi et al. 2006).
Results
Descriptive analysis. The distribution of indi-
vidual PAHs based on personal 48-hr moni-
toring is shown in Table 1. Individual
ln-transformed PAHs and Σ8 c-PAHs across
the monitoring period, January 1998 to
February 2005, revealed no distinct secular
trend (all p-values > 0.00001) (Figure 1).
However, summer (June–August) levels of the
individual and Σ8 c-PAHs were signiﬁcantly
lower than winter levels (December–February)
(all p-values < 0.00001). The mean personal
exposure to BaP over the entire monitoring
period was 0.368 ± 0.464 ng/m3 (range,
0.043–1.298 ng/m3), consistent with the
background ambient BaP level in New York
City in 2002 (Pleil et al. 2004). Mean per-
sonal exposure to Σ8 c-PAHs averaged within
ZIP code did not differ across the residential
ZIP codes (analysis of variance, p > 0.8). Mean
personal exposure levels also did not differ by
location of prenatal care clinic (Manhattan vs.
the South Bronx) (p = 0.38). Fifty-four per-
cent of African-American and 77% of
Dominican women reported absence of ETS
exposure during the entire pregnancy. Among
Dominicans, personal PAH exposure did not
increase with the number of smokers at home,
total months or the daily number of hours of
ETS exposure, or frequency of ingesting
grilled, smoked, or barbecued food items (p
> 0.05). Among African Americans, although
the reported frequency of PAH-laden food
was not positively associated with the PAH
exposure, a month of ETS exposure was asso-
ciated with 3.9% increase in PAH exposure (p
= 0.001), and a 1-hr increase in ETS exposure
was associated with 4.3% increase in PAH
exposure (p = 0.004). The reported hours of
daily ETS exposure during the current preg-
nancy were signiﬁcantly correlated with hours
of daily exposure within the last 2 years in
both ethnic groups (Pearson’s ρ = 0.90 and
0.80 among Dominicans and African
Americans, respectively), suggesting temporal
stability in PAH exposure.
The demographic and exposure character-
istics of all mother–newborn pairs are shown
in Table 2. Based on the overall U.S. BW ref-
erence (Alexander et al. 1996), more African-
American newborns were identified as SGA
(n = 33, 16%) and LGA (n = 27, 13%) than
were Dominican newborns (SGA, n = 23,
6%; LGA, n = 22, 6%). The prevalence of
newborns whose BW was < 85% relative to
the mean weight was higher for the African
Americans (n = 28, 13%) compared with the
Dominicans (n = 39, 10%). The prevalence
of preterm birth was 6% for African
Americans (n = 14) and 3% for Dominicans
(n = 11). This is small relative to national
rates because, as explained above, we excluded
high-risk pregnancies (maternal smokers and
substance abusers) and women who delivered
before the time of the air monitoring in the
third trimester.
Based on the reported signiﬁcant correla-
tion between the degree of fetal growth ratio
and disproportional fetal growth (measured in
terms of ponderal index) (Kramer et al. 1989),
we attempted to validate fetal growth ratio as a
marker of IUGR in our cohort. Within both
ethnic groups, reduction in fetal growth ratio
was linearly associated with the BW, length,
head circumference, cephalization index, and
ponderal index. As shown in Table 3, mild to
severe growth restriction (fetal growth ratio
< 85%) was associated with progressively thin-
ner but larger head to weight ratios. Although
absolute head size (in centimeters) decreased
with greater severity of growth restriction,
head size relative to body weight increased,
suggesting that brain growth might be sup-
ported while possibly restricting other organs.
With increasing exposure concentration
of PAHs, the proportion of cases of SGA and
fetal growth ratio < 85% increased (p < 0.05
for linear trend) in African Americans, but
not in Dominicans (Table 4). Among the
African Americans, although newborn cephal-
ization index significantly increased with
increasing exposure (p = 0.023), dose–
response reduction in ponderal index was not
observed (p = 0.176).
SGA and preterm delivery and prenatal PAH exposure
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Table 2. Demographic and exposure characteristics of mother–newborn pairs.a
Dominican African American Total
Characteristic No. (%) Mean ± SD No. (%) Mean ± SD No. (%) Mean ± SD
Σ8 c-PAHs (ng/m3) 382 3.15 ± 3.42 222 3.32 ± 3.38 604 3.21 ± 3.40
Age (years) 389 25 ± 4 223 24 ± 4** 612 24 ± 4
Maternal weight gain 
during pregnancyb (kg)
Maternal BMI < 20 58 (16) 14.4 ± 6.0 31 (15) 12.4 ± 7.8 89 (16) 13.7 ± 6.7
Maternal BMI 20–24.9 167 (47) 14.1 ± 6.3 64 (31) 12.9 ± 5.6 231 (41) 13.8 ± 6.1
Maternal BMI 25–29.9 79 (22) 12.7 ± 5.9 46 (22) 13.1 ± 6.6 125 (22) 12.8 ± 6.2
Maternal BMI ≥ 30 53 (15) 11.9 ± 6.7 66 (32) 11.8 ± 7.6 119 (21) 11.9 ± 7.2
Total 357 13.5 ± 6.3 207 12.5 ± 6.8 564 13.1 ± 6.5
Maternal education
< High school 139 (36.2) 75 (33.6) 214 (35.3)
High school 155 (40.4) 90 (40.4) 245 (40.4)
> High school 90 (23.4) 58 (26.0) 148 (24.4)
Parity (yes) 280 (71.8) 182 (81.3)** 462 (75.2)
Receive public assistance  149 (38.4) 104 (46.8)* 253 (41.5)
Foreign-born mother 306 (78.3)** 13 (5.8) 319 (51.9)
Receive Medicaid  360 (92.1)* 194 (87.0) 554 (90.2)
High dietary PAH intakec 56 (15.3) 75 (34.2)** 131 (22.4)
Any exposure during 
the current pregnancy
Wine 47 (12.8)* 16 (7.3) 63 (10.8)
Beer 71 (19.2)** 3 (1.4) 74 (12.6)
Hard liquor 22 (6.0) 15 (7.0) 37 (6.4)
Season of delivery
Summer (Jun–Aug) 85 (21.9) 57 (26.3) 142 (23.4)
Fall (Sep–Nov) 103 (26.5) 59 (27.2) 162 (26.7)
Winter (Dec–Feb) 87 (22.4) 49 (22.6) 136 (22.4)
Spring (Mar–May) 114 (29.3) 52 (24.0) 166 (27.4)
aNumbers vary because of missing information for some cases. bWeight gained during the current pregnancy was strati-
ﬁed according to prepregnancy BMI categories. cReported eating at least one smoked, grilled, or barbecued food more
than twice a week. *p < 0.05, **p < 0.01, based on t-test and chi-square analysis.Relationships between prenatal PAH expo-
sure and measures of IUGR. Risk of propor-
tional IUGR: SGA and fetal growth ratio
<8 5 % .As shown in Table 5, controlling for
maternal prepregnancy BMI, months of prena-
tal ETS exposure, parity, and winter delivery, a
1-ln-unit increase in prenatal PAH exposure
was associated with a 2-fold increase in the
likelihood of being born SGA among African
Americans, regardless of whether SGA was
based on the overall U.S. reference [odds ratio
(OR) = 1.9; 95% confidence interval (CI),
1.1–3.5] or the ethnic-speciﬁc reference (OR =
2.4; 95% CI, 1.0–5.6). The risk of SGA was
not significantly greater among underweight
African-American women (p-value for interac-
tion term = 0.16). Consistent with our prior
ﬁndings, the risk of SGA was not elevated in
Dominicans, either in the entire cohort or
among those born full-term.
There was a signiﬁcant inverse association
between LGA and prenatal PAH exposure in
African Americans (OR = 0.3; 95% CI,
0.1–0.8), but not for Dominicans (OR = 0.8;
95% CI, 0.4–1.5), controlling for maternal
prepregnancy BMI, the number of months
of prenatal ETS exposure, parity, and season
of delivery.
Among African Americans but not
Dominicans, a 1-ln-unit increase in PAH
exposure was associated with a 5% reduction
in fetal growth ratio (adjusted β = –4.865; p =
0.004). As shown in Table 5, a 1-ln-unit
increase in prenatal PAH exposure was associ-
ated with a 2-fold increase in risk of having
fetal growth ratio < 85% overall (95% CI =
1.0–3.6; p = 0.04), and among full-term
births (95% CI = 1.1–4.2; p = 0.03).
Risk of disproportional IUGR: ponderal
index and cephalization index. PAH expo-
sure was not associated with a significant
reduction in ponderal index in either African
Americans (among all gestational ages:
β = –0.042, or 4% decrease; p = 0.241;
among full term: β = –0.052, or 5% decrease;
p = 0.18) or Dominicans (among all gesta-
tional ages: β = 0.050, or 5% increase;
p = 0.15; among full term: β = 0.046, or 5%
increase; p = 0.15), after controlling for gesta-
tional age, sex, season of delivery, maternal
prepregnancy BMI, gestational weight gain,
parity, and months of prenatal ETS exposure.
On the other hand, a 1-ln-unit exposure
increase was associated with a 0.04% increase
in cephalization index in African Americans
(β = 4.173; p = 0.023) and 0.02% decrease for
Dominicans (β = –2.058; p = 0.019), control-
ling for gestational age, newborn sex, respec-
tive season of delivery, maternal education,
BMI, gestational weight gain, parity, months
of ETS exposure, and frequent dietary PAH
intake during the current pregnancy.
Relationship between prenatal PAH expo-
sure and preterm delivery. We examined the
association between prenatal PAH exposure
and preterm delivery by first determining
whether there was a linear dose–response rela-
tionship between PAH exposure and the
length of gestational age, and whether the risk
of preterm delivery increased with increasing
exposure. Among African Americans, a
1-ln-unit increase in exposure was associated
with a 2.5-day reduction in gestation (or 35%
of a week) (p = 0.05), after controlling for
maternal prepregnancy BMI, months of
maternal exposure to ETS during the preg-
nancy, newborn sex, party, and season of
delivery. A 1-ln-unit increase in prenatal PAH
Choi et al.
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Table 3. Newborn anthropometric indicators according to severity of fetal growth ratio.a
Ponderal index Cephalization index
BW (g) Birth length (cm) BHC (cm) (g/cm3 × 100) (cm/g × 104)
Mother–infant pair group No. Mean ± SD  No. Mean ± SD No. Mean ± SD No. Mean ± SD No. Mean ± SD
African American*
Noncase 177 3,417 ± 432 174 51 ± 2 171 34 ± 1 174 2.55 ± 0.28 171 101.04 ± 10.44
Mild 18 2,619 ± 178 17 48 ± 2 17 32 ± 2 17 2.39 ± 0.30 17 122.44 ± 6.27
Moderate 2 2,655 ± 57 2 51 ± 1 2 33 ± 1 2 2.00 ± 0.12 2 122.41 ± 0.06
Severe 8 2,031 ± 341 8 45 ± 2 8 31 ± 2 8 2.21 ± 0.20 8 154.91 ± 29.01
Dominican*
Noncase 302 3,511 ± 389 283 51 ± 2 275 35 ± 1 283 2.64 ± 0.41 275 99.19 ± 9.00
Mild 17 2,870 ± 105 14 50 ± 2 11 33 ± 1 14 2.36 ± 0.24 11 114.41 ± 5.42
Moderate 14 2,588 ± 239 2 48 ± 3 11 33 ± 1 13 2.36 ± 0.27 11 126.06 ± 7.67
Severe 7 2,449 ± 213 6 48 ± 2 6 32 ± 1 6 2.25 ± 0.33 6 131.37 ± 11.87
Total*
Noncase 479 3,477 ± 407 457 51 ± 2 446 34 ± 1 457 2.61 ± 0.37 446 99.90 ± 9.61
Mild 35 2,741 ± 193 31 49 ± 2 28 32 ± 2 31 2.38 ± 0.27 28 119.29 ± 7.08
Moderate 16 2,596 ± 224 15 48 ± 3 13 33 ± 1 15 2.31 ± 0.28 13 125.50 ± 7.13
Severe 15 2,226 ± 352 14 46 ± 3 14 31 ± 1 14 2.23 ± 0.25 14 144.82 ± 25.56
aSeverity was deﬁned as noncase (fetal growth ratio ≥ 85), mild (fetal growth ratio = 80–84.99), moderate (fetal growth ratio = 75–79.99), and severe (fetal growth ratio < 75) (Kramer et al.
1989). *Test of linear trend for all presented outcomes with increasing severity, p < 0.001.
Table 4. SGA, fetal growth ratio, ponderal index, and cephalization index with increasing PAH exposure concentration. 
Size for gestational age Fetal growth ratio Ponderal Cephalization
AGA (reference) SGA ≥ 85% (reference) < 85% index index
African American
Σ8 c-PAHs (ng/m3)
≤ 1.55 37 (21.0) 3 (9.1) 41 (21.1) 4 (14.3) 2.48 ± 0.30 104.17 ± 22.52
1.56–2.30 47 (26.7) 4 (12.1) 49 (25.3) 4 (14.3) 2.63 ± 0.31 101.20 ± 10.95
2.31–3.66 50 (28.4) 12 (36.4) 59 (30.4) 6 (21.4) 2.52 ± 0.28 102.89 ± 13.04
≥ 3.67 42 (23.9) 14 (42.4)* 45 (23.2) 14 (50.0)* 2.44 ± 0.26 111.94 ± 17.64**
Dominican
Σ8 c-PAHs (ng/m3)
≤ 1.55 94 (27.9) 4 (17.4) 98 (28.5) 8 (21.1) 2.54 ± 0.29 103.04 ± 11.14
1.56–2.30 85 (25.2) 8 (34.8) 85 (24.7) 13 (34.2) 2.68 ± 0.64 99.82 ± 10.19
2.31–3.66 74 (22.0) 8 (34.8) 76 (22.1) 10 (26.3) 2.63 ± 0.32 101.37 ± 11.72
≥ 3.67 84 (24.9) 3 (13.0) 85 (24.7) 7 (18.4) 2.61 ± 0.28 101.12 ± 12.12
Values are no. (%) or mean ± SD. 
*p < 0.05 and **p < 0.01 for linear trend in outcome with increasing exposure.exposure was associated with a 5-fold greater
risk of preterm delivery for African Americans
(95% CI, 1.8–11.9; p = 0.001). Risk of
preterm birth was not associated with prenatal
PAH exposure among Dominicans (Table 6).
Discussion
In this prospective cohort study, we found
that among African-American newborns in
New York City, a 1-ln-unit increase in prena-
tal PAH exposure was associated with approxi-
mately 2-fold greater risk of being born SGA
or having a fetal growth ratio < 85%. There
was a consistent doubling in risk of SGA
whether the reference was total U.S. BW data
or ethnicity-speciﬁc BW data. In addition, a
1-ln-unit increase in prenatal exposure was
associated with a 0.04% increase in head size
relative to BW (cephalization index) in
African-American newborns, suggesting that
growth restriction might induce a “brain-spar-
ing” process at the developmental expense of
other organs. Although our number of
preterm births is small, our analysis indicates
that a 1-ln-unit increase in PAH exposure
increases the risk of preterm delivery among
African Americans 5-fold (95% CI, 1.8–11.9).
By conducting a prospective cohort study
incorporating personal air monitoring during
pregnancy, we have addressed some of the tra-
ditional limitations in studies of the relation
between air pollution and birth outcome, such
as exposure misclassiﬁcation and retrospective
or cross-sectional exposure assessment. We
have reduced potential confounding by
restricting our cohort to healthy, nonsmoking,
young women with no known risks of adverse
birth outcomes. All pregnancies had success-
fully reached the third trimester, at which time
the personal air monitoring was conducted.
A comparison between the two ethnic
groups studied here revealed a higher occur-
rence of SGA in African-American newborns
across the gestational age spectrum, including
> 37 weeks. We therefore used both national
(ethnic-combined) and ethnic-specific
references because it is not known whether
the different BW patterns are due to physio-
logic or pathologic causes (Kramer et al.
2006). However, recent investigations have
demonstrated that SGA based on the overall
(ethnic-combined) BW reference is the better
predictor of neonatal mortality in U.S.-born
blacks, suggesting that different BW patterns
may not be physiologic (Joseph et al. 2005;
Kramer et al. 2006). Our observation of signiﬁ-
cantly elevated risk of SGA is consistent with
prior reports that SGA was associated with
exposure to particulate matter with aerody-
namic diameter ≤ 2.5 µm among California
(USA) newborns (Parker et al. 2005) and with
ambient PAH exposure among Czech Republic
newborns (Dejmek et al. 2000). However, our
estimated risk of SGA among African
Americans is much higher than the risks
reported by those researchers, despite the fact
that mean PAH exposure in our cohort is about
one-third of the mean exposure reported in the
Czech Republic (Dejmek et al. 2000). As
noted, SGA, one of the key proportional IUGR
outcomes, has been associated with a signiﬁ-
cantly greater risk of delayed neurodevelopment
(Sizonenko et al. 2006; van Wassenaer 2005),
shorter stature, cardiovascular diseases, insulin
resistance, and diabetes during adulthood
(Barker 2002; Xu et al. 2006). Both SGA and
LGA newborns have been shown to be at sig-
niﬁcantly greater risk of metabolic syndrome,
including obesity, hypertension, dyslipidemia,
glucose intolerance during childhood, and type
II diabetes during adulthood (Boney et al.
2005). Considering the potential endocrine-dis-
rupting properties of PAHs (Davis et al. 1993),
we tested whether high PAH exposure increases
the risk of being born LGA. Our present ﬁnd-
ing of a signiﬁcantly higher likelihood of SGA
and a signiﬁcantly (66%) lower likelihood of
being born LGA among New York City
African Americans indicates that PAH effects
are likely to be growth restricting, rather than
growth promoting.
Our analysis of fetal growth ratio demon-
strates that identification of IUGR cases
should consider both population-normative
(i.e., SGA) and maturity-based (i.e., fetal
growth ratio) approaches. As a dichotomous
category based on various percentile cutoff
points, population-normative SGA has been
criticized for including constitutively normal
newborns (Lee PA et al. 2003; Royal College
of Obstetrician and Gynaecologists 2002). In
contrast, fetal growth ratio has been shown to
correlate well with the clinical-based severity
of IUGR (Kramer et al. 1989, 1990a). Our
analysis also suggests that the percent devia-
tion from the mean weight indicates the
severity of IUGR. However, our estimated
5% reduction in fetal growth ratio per 1-ln-
unit PAH exposure among African Americans
warrants careful interpretation. Clinical sever-
ity and prognosis of 5% reduction would be
greater for moderate to severe cases (fetal
growth ratio < 80%) compared with the mild
cases and noncases. Adverse clinical outcomes
would likely be greater for infants with fetal
growth ratio < 85% compared to those with
higher fetal growth ratio. 
IUGR is a broad category of suboptimal
fetal growth, including both proportional and
disproportional fetal growth. Thus, considera-
tion of both statistically and clinically based
deﬁnitions of IUGR is likely to improve case
identiﬁcation. Cephalization index, a validated
marker of severe IUGR, signiﬁcantly increased
among African Americans with increasing pre-
natal PAH exposure. Our finding is of con-
cern given that children born with larger head
circumference relative to body weight (i.e.,
“brain-spared”) score significantly lower in
neurodevelopmental tests, IQ, and school per-
formances (Leitner et al. 2007) and are at
SGA and preterm delivery and prenatal PAH exposure
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Table 6. Risk of shortened gestational age and preterm delivery.a
Gestational age  Preterm deliveryb
β (95% CI) p-Value OR (95% CI) p-Value
African American (R 2 = 0.039) (n = 201) (n = 205)
Ln-unit PAH exposure –0.354 (–0.714 to 0.006) 0.053 4.676 (1.839 to 11.886) 0.001
Dominican (R 2 = 0.027) (n = 335) (n = 351)
Ln-unit PAH exposure –0.006 (–0.190 to 0.178) 0.952 0.523 (0.182 to 1.504) 0.229
aModel controlled for maternal prepregnancy BMI, sex, parity, delivery season, and months of gestational ETS exposure.
bNumber of preterm cases (n = 12 for African Americans; n = 8 for Dominicans) was reduced because of missing data in
independent predictors.
Table 5. Risk of SGA and fetal growth ratio.
SGAa
Ethnicity-combined Ethnicity- and sex-speciﬁc Fetal growth ratio < 85%b
U.S. BW percentilec U.S. BW percentiled All birthse Full term only
OR (95% CI) p-Value OR (95% CI) p-Value OR (95% CI) p-Value OR (95% CI) p-Value
African American n = 201 n = 201 n = 205b n = 194
Ln-unit PAH exposure 1.94 (1.09–3.47) 0.03 2.43 (1.05–5.62) 0.04 1.93 (1.04–3.56) 0.04 2.15 (1.09–4.25) 0.03
Dominican n = 336 n = 332 n = 349 n = 341
Ln-unit PAH exposure 0.82 (0.44–1.51) 0.53 0.87 (0.51–1.47) 0.60 0.82 (0.51–1.33) 0.42 0.80 (0.48–1.33) 0.40
aSGA model controls for maternal BMI, months of gestational ETS exposure, parity, and winter delivery. bFetal growth ratio < 85% model controlled for BMI, gestational weight gain, months
of gestational ETS exposure, and parity. cThirty-three cases and 168 noncases for African Americans; 20 cases and 316 noncases for Dominicans. dFourteen cases and 187 noncases for
African Americans; 27 cases and 305 noncases for Dominicans. eAmong all births, the number of cases with fetal growth ratio < 85% was 26 among African Americans and 34 among
Dominicans. When sample was restricted to full-term birth only, there were 23 cases versus 171 noncases in African Americans, and 30 cases versus 311 noncases among Dominicans. greater risk for subsequent morbidity and
mortality (Harel et al. 1985; Kramer et al.
1989, 1990a, 1990b; Leitner et al. 2007;
Villar et al. 1990). The finding of increased
cephalization index and absence of risk for
reduced ponderal index in African Americans
warrants replication in a larger sample.
Our finding of increased risk among
African Americans for preterm delivery suggests
that PAHs might exert an array of biologic
effects in the developing fetus. Specifically,
symmetric IUGR appears to be independent of
preterm delivery due to PAH exposure in our
African-American sample: The risk of symmet-
ric IUGR was significant both among all
African-American newborns and among those
born full term. Considering that the present
cohort of pregnant women are at low risk of
preterm delivery, our present ﬁndings of signiﬁ-
cant increase in preterm delivery additionally
warrants replication in a carefully designed
prospective cohort study.
None of the effects reported above
in African Americans were seen in the
Dominicans. We therefore examined possible
sources of apparently greater susceptibility of
African Americans. Although we did not ask
about the specific dairy, fruit, fish, and veg-
etable consumption during the current preg-
nancy, at the follow-up interview conducted
when the babies reached 2 years of age, 144
(68%) of Dominican and 120 (71%) of
African-American mothers reported that they
consumed fruits and vegetable regularly.
Furthermore, 185 (87%) Dominican and 161
(96%) New York City African-American
mothers reported that they took prenatal vita-
mins during the current pregnancy (Choi
et al. 2006). Dietary exposure to PAHs was
neither an independent risk factor nor a sig-
niﬁcant confounder for any of the birth out-
comes. We have not seen convincing evidence
in our data that micronutrient intake level or
PAH dietary intake, alcohol use, or educa-
tional level (as a proxy for socioeconomic sta-
tus) have confounded our results.
Consistent with our prior finding of no
PAH effects on BW among Dominicans, we
observed no significant increase in risk of
SGA, reduced fetal growth ratio, increased
cephalization index, or preterm delivery for
Dominicans. The failure to find an adverse
effect of PAH exposure on birth outcomes
among Dominicans, despite the similarity in
PAH exposure and socioeconomic status with
African Americans in our cohort, is consistent
with the paradoxical birth outcomes among
Mexican immigrants living in the United
States. Despite their high-risk demographic
and socioeconomic proﬁle, overall birth out-
comes of Mexican-American newborns are
comparable to those of U.S. non-Hispanic
whites (Flores and Brotanek 2005). The
apparent lack of association between airborne
PAHs and adverse birth outcomes in our
analysis might reﬂect healthful cultural prac-
tices among recent Dominican immigrants,
including diets with higher nutritional qual-
ity, and greater social support. Possible pro-
tective effects of healthful cultural habits
require careful further examination in the pre-
sent cohort further studies, as do the speciﬁc
factors underlying the greater vulnerability of
the African Americans in our cohort.
Conclusion
Because of the ubiquitous nature of PAH air
pollutants produced by fossil fuel combustion,
our observation that prenatal PAH exposure is
associated with risk of SGA, preterm birth,
and reduced fetal growth ratio and cephaliza-
tion index among African Americans has
implications for other urban populations and
for environmental health policies.
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